Localization of membrane proteins via electron microscopy (EM) at high resolution is dependent 1 3 1 whole tissues (Tsang et al., 2018) . We show that the addition of tannic acid, uranyl acetate and 1 3 2 counter staining with lead further increased the overall contrast, and made the membrane Our hybrid method -hereon referred to as cryoAPEX -performed remarkably well for protein 1 3 8 localization at the subcellular level. Comparison of ERM-APEX2 in cryoAPEX treated cells 1 3 9 versus live cryofixed (HPF alone) cells showed well-preserved OSER morphology with ER 1 4 0 specific staining only on the cytosolic face of the ER membrane. Similarly, we observed that 1 4 1 HYPE localizes as periodic foci along the lumenal face of the ER membrane and, although 1 4 2 overexpressed in the context of a transient transfection study, is retained only within the ER and 1 4 3 the contiguous nuclear envelope. HYPE remained ER associated even when the ER came in 1 4 4 close proximity to the plasma membrane, mitochondria or the Golgi apparatus. Thus, it would 1 4 5 appear unlikely that HYPE traffics via conventional means through the secretory system or is where such density corresponding to the presence of ribosomes is seen only on the cytosolic 2 6 9 face of the ER membrane ( Fig 3G) . Interestingly, we rarely observed ribosomal density on the 2 7 0 outer face of HYPE-APEX stained ER membranes. To emphasize the merits of cryoAPEX over 2 7 1 traditional methods, we also assessed HYPE-APEX2 transfected cells using the traditional 2 7 2 alcohol dehydration method ( Fig S4) . Analysis of thin sections using this method revealed a white arrows within yellow box). However, as expected, there was poor preservation of the ER Additionally, the presence of other membrane-bound structures was mostly indiscernible 2 7 7 (compare Fig S4A with Fig 3A) , thus making it impossible to get contextual information about 2 7 8 the other organelles in the immediate vicinity or in contact with the ER membrane containing 2 7 9 HYPE. Clearly, cryoAPEX offers high resolution localization for HYPE in the ER lumen in the 2 8 0 context of other organelles at the subcellular level. Assessing localization of HYPE in cellular compartments other than the ER. In addition to 2 8 3 the ER, HYPE has been suggested to interact with protein targets in the cytosol and nucleus, 2 8 4 and possibly in the secretory pathway (Broncel et al., 2016; Rahman et al., 2012; Truttmann et 2 8 5 al., 2016; Truttmann et al., 2017) . We, therefore, screened for the presence of HYPE in 2 8 6 subcellular compartments other than the ER. HYPE was present within the lumenal walls of the 2 8 7 NE (nuclear envelope), which is expected since the nuclear membrane is contiguous with the 2 8 8 ER (Fig 4-1 , A-C, yellow and red boxes). This is in agreement with immunofluorescence data, 2 8 9 which shows HYPE specific staining in the perinuclear membranes (Sanyal et al., 2015; 2 9 0 Truttmann et al., 2015) . The characteristic periodic foci of osmicated DAB density were seen as 2 9 1 well (Fig 4-1 , C, red arrows). As a control, untransfected cells were also processed using 2 9 2 cryoAPEX; no lumenal staining was evident, indicating the specificity of HYPE's NE localization We next investigated the presence of HYPE in the mitochondria. Samples were prepared 2 9 6 without uranyl acetate to avoid staining mitochondrial nucleic acids. Osmicated DAB density was observed at multiple junctions between the ER and mitochondria in membranes called 2 9 8 MAMS (mitochondria associated membranes), which are contiguous with the ER, and displayed 2 9 9 the typical periodic HYPE foci (Fig 4-2 , A-C, white arrowheads in C). Upon close examination, it 3 0 0 was clear that although the two organelles were in close proximity, the inner and outer Similarly, we also searched for evidence of HYPE staining at the plasma membrane (PM), as 3 0 6 the cortical ER is known to make multiple PM contacts. Even at these contact points, osmicated 3 0 7 density was restricted to the ER lumen and was clearly absent from the adjoining PM ( Finally, we assessed the Golgi apparatus for evidence as to whether or not HYPE enters the 3 1 1 secretory pathway. Uranyl acetate and tannic acid, in addition to osmium tetroxide, were used to 3 1 2 enhance the contrast for the DAB density at Golgi-ER junctions (Fig 4-4 , red arrows). The Altogether, at the expression levels assessed here, HYPE is localized to the ER lumen and 3 1 9 contiguous nuclear envelope, and does not appear to localize or transport to adjacent 3 2 0 organelles or the plasma membrane even upon close contact with the ER. its capability to preserve membrane ultrastructure consistently throughout the cell volume. To expressing HYPE-APEX2 ( Fig 6A-1) . The 3D reconstruction of HYPE within the ER was carried Next, 3D modeling by segmentation and visualization of the HYPE-APEX2 density showed that 3 4 8 HYPE was confined within the ER membrane ( Fig 6B) . We further assessed this reconstructed plane; and 6B-3, top down). Finally, we used the "clipping planes" tool to incrementally trim off Fic-mediated adenylylation/AMPylation is an important, evolutionarily conserved mechanism of 3 6 1 signal transduction. In humans, AMPylation mediated by HYPE regulates the unfolded protein 3 6 2 response via reversible modification of BiP (Ham et al., 2014; Preissler, et al., 2017; Sanyal et 3 6 3 al., 2015) .
It is an open question as to whether HYPE functions beyond its role as a UPR 3 6 4 regulator with additional physiological targets. Indeed, despite the fact that we and others have 3 6 5 previously shown that HYPE is an ER membrane protein that faces the lumen, a number of 3 6 6 candidate targets have recently emerged for further evaluation that reside outside the ER 3 6 7 (Broncel et al., 2016; Truttmann et al., 2016) . For instance, the C. elegans homolog of HYPE 3 6 8 (Fic-1) can be detected in the cytosol and is implicated in controlling the function of cytosolic that successfully adapts the APEX2 tag for cryofixation while simultaneously retaining 3 8 0 membrane preservation. Additionally, we show that data obtained by cryoAPEX for visualizing data from us and others (Sanyal et al., 2015; Truttmann et al., 2015) . CryoAPEX is designed specifically for localizing membrane-bound proteins. The methodology 3 8 7
we present here enables sufficient resolution and membrane preservation such that even 3 8 8 structures in close contact with the ER, such as the Golgi, mitochondria, or plasma membrane, 3 8 9 are clearly distinguishable as . These results tend to 3 9 0 argue against the presence of a secreted or nuclear (other than the nuclear envelope) form of 3 9 1 HYPE. However, any trace amounts of HYPE that may potentially correspond to processed or 3 9 2 soluble isoforms that may localize to the cytosol would not be detected unless present as 3 9 3 immobilized complexes. We also cannot rule out the possibility that trace amounts of HYPE 3 9 4 could exist in subcellular compartments other than the ER, or that specific stimuli could result in 3 9 5 a dramatic reorganization of HYPE to other locations. Still, if this were the case, we predict that 3 9 6 by overexpressing HYPE relative to endogenous levels (as we do in our study), we would see HYPE more broadly distributed throughout the cell or perhaps even mislocalized. Our data show 3 9 8 that even upon overexpression, HYPE is most robustly observed solely within different domains exists as a dimer, interacting via its Fic domain (Bunney et al., 2014) . Additionally, the activity of 4 0 7 9 bacterial Fic proteins, including HYPE, has been shown to undergo regulation by transitioning 4 0 8 between monomeric, dimeric and oligomeric states (Dedic et al., 2016; Stanger et al., 2016; 4 0 9 Casey et al., 2017). Thus, it is possible that the HYPE specific periodic densities that we 4 1 0 observe may represent HYPE oligomers. Further, we were able to reconstruct this HYPE 4 1 1 specific density in 3D along the ER lumenal membrane using TEM tomography ( Figure 6 ). organelle like the ER has multiple domains that make contacts with several other organelles as 4 1 9
well as the plasma membrane. The functional relevance of these organellar contact points is of 4 2 0 intense research and, in the case of the ER, they are known to be portals of lipid and calcium 4 2 1 transport (English & Voeltz, 2013; Rowland & Voeltz, 2012) . Thus, preservation of these 4 2 2 structures was especially important for ascertaining the distribution of HYPE. Unfortunately, each of these techniques suffers from a variety of limitations in addition to 4 2 7 inadequate sample preservation. Specifically, current methods of detection are based on two 4 2 8 common processes -1) a chemical fixation step that precedes the actual detection assay and 2) 4 2 9 a sample preparation step involving dehydration of fixed cells via alcohol at room temperature or 4 3 0 on ice. This combination of chemical reagents leads to poor preservation of the membrane 4 3 1 morphology due to lipid extraction and introduces artefacts. Therefore, in addition to membrane 4 3 2 preservation, the method of choice needs to be compatible with heavy metal staining, so as to compatibility with the use of heavy metal stains (Risco et al., 2012) . Lastly, we considered the amenability of the method to 3D electron microscopic techniques. are associated with them (Shibata et al., 2010; Voeltz et al., 2002) . To detect such changes or, function. Thus, we opted to develop a method that incorporated each of the above criteria to Cryofixation of live cells under high pressure (HPF) is a method that shows the best 4 5 0 ultrastructural preservation and is now routinely used to prepare samples for EM tomography 4 5 1 (McDonald et al., 2006; O'Toole et al., 2018) . It is not deemed compatible with most of the 4 5 2 detection methods described above, however, as they require chemical fixation. Thus, to An important aspect of cryoAPEX is the robustness of the DAB byproduct that can withstand a 4 6 3 long freeze substitution reaction in acetone. We also noted that cells once chemically fixed and 4 6 4 labeled with DAB do not need to be cryofixed right away. In our hands, aldehyde fixed, DAB 4 6 5 labeled cells that were cryofixed after 48 hours (storage at 4°C) exhibited no deterioration of 4 6 6 cellular ultrastructure and staining when compared to those that were cryofixed immediately. This feature could prove to be of great advantage to laboratories that do not have immediate technique with a similar goal of combining cryofixation with an APEX2 based detection method 4 7 0 for carrying out CLEM (correlative light-EM) at the tissue (versus subcellular) level was reported. This method, called CryoChem, is procedurally different from our method. It requires immediate al., 2018). Also, CryoChem is yet to be tested on cell monolayers. In conclusion, we have developed cryoAPEX as a method for obtaining localization of a single The HYPE-APEX2 plasmid was ordered through Genscript. Briefly, the HYPE-APEX2 fusion 4 9 4 was first synthesized and then inserted into pcDNA3 vector between BamHI and XhoI sites. acids of the mouse isoform of α -mannosidase with the APEX2 gene in its C-terminus following a 5 0 0 short intervening linker sequence was first synthesized and then cloned into pcDNA3.1. The PBS and then pelleted at 500x g. For those samples requiring chemical fixation, pellets were order to remove as much liquid as possible. For BHK controls, cells were either cryofixed 5 1 5 directly or prefixed with glutaraldehyde prior to cryofixation. An identical freeze substitution 5 1 6
protocol was used for processing for both HEK and BHK cells. BHK cells were post stained with 5 1 7
uranyl acetate and Sato's lead prior to imaging. high pressure freezer (Leica). Cryofixed cells were then processed by freeze substitution using 5 2 2 an AFS2 automated freeze substitution unit (Leica). An extended freeze substitution protocol was optimized for the preferential osmication of the peroxidase-DAB byproduct. Briefly, frozen liquid nitrogen on the membrane carriers and using a razor to resect them out of the hardened 5 3 5
resin. After extraction of membrane carriers, a thin layer of Durcupan 100+C was added on top 5 3 6 of the exposed samples and incubated in an oven for 24-36 hours to obtain the final hardened sample blocks for sectioning. Sample preparation via conventional room temperature method: HEK-293T cells were 5 4 0 grown on collagen coated glass coverslips and transfected with HYPE-APEX2 or ERM-APEX2 5 4 1 mammalian expression plasmids for 24 hours as above. Cells were then washed with DPBS 5 4 2 and chemically fixed with 2% glutaraldehyde in 0.1% sodium cacodylate buffer for 30 minutes.
4 3
Fixed cells were washed with cacodylate buffer and finally with 1mg/ml of DAB in cacodylate 5 4 4 buffer for 2 minutes. Following the wash, cells were incubated for 30 minutes in a freshly made 5 4 5 solution of 1mg/ml of DAB and 5.88 mM of hydrogen peroxide in cacodylate buffer at room 5 4 6 temperature. Cells were washed 3x for 2 minutes each with DPBS, incubated in an aqueous 5 4 7 solution of 1% osmium tetroxide for 10-15 minutes and then washed with distilled water.
4 8
Dehydration was carried out using increasing concentration of 200 proof ethanol (30%, 50%, 5 4 9 70%, 90%, 95%, 100%) followed by resin infiltration of the cells with gradually increasing 5 5 0 concentrations of Durcupan resin in ethanol (30%, 60%, 90%, 100%, 100%+C). Coverslips were placed on beem-capsules filled with 100% + C cell-face down on the resin and incubated 
